Abstract. Papillary thyroid carcinoma (Ptc) is the most common thyroid cancer. nuclear magnetic resonance (nmr)-based metabolomic technique is the gold standard in metabolite structural elucidation, and can provide different coverage of information compared with other metabolomic techniques. Here, we firstly conducted NMR based metabolomics study regarding detailed metabolic changes especially metabolic pathway changes related to Ptc pathogenesis. 1 H nmr-based metabolomic technique was adopted in conju nction with multivariate analysis to analyze matched tumor and normal thyroid tissues obtained from 16 patients. the results were further annotated with Kyoto encyclopedia of Genes and Genomes (KeGG), and Human metabolome database, and then were analyzed using modules of pathway analysis and enrichment analysis of metaboanalyst 3.0. Based on the analytical techniques, we established the models of principal component analysis (Pca), partial least squares-discriminant analysis (PlS-da), and orthogonal partial least-squares discriminant analysis (oPlS-da) which could discriminate Ptc from normal thyroid tissue, and found 15 robust differentiated metabolites from two oPlS-da models. We identified 8 KeGG pathways and 3 pathways of small molecular pathway database which were significantly related to Ptc by using pathway analysis and enrichment analysis, respectively, through which we identified metabolisms related to Ptc including branched chain amino acid metabolism (leucine and valine), other amino acid metabolism (glycine and taurine), glycolysis (lactate), tricarboxylic acid cycle (citrate), choline metabolism (choline, ethanolamine and glycerolphosphocholine) and lipid metabolism (very-low-density lipoprotein and lowdensity lipoprotein). in conclusion, the Ptc was characterized with increased glycolysis and inhibited tricarboxylic acid cycle, increased oncogenic amino acids as well as abnormal choline and lipid metabolism. The findings in this study provide new insights into detailed metabolic changes of Ptc, and hold great potential in the treatment of Ptc.
Introduction
thyroid cancer is the most common cancer in the endocrine system. the incidence of thyroid cancer is increasing every year in the united States, and the increase is not only because of the better diagnosis technique for thyroid cancers. there are estimated to be ~123,000 people in the world who are diagnosed thyroid cancer cases annually, accounting for approximately over 91.5% of the cancers of head and neck (1) . notably, papillary thyroid carcinoma (Ptc) is the most common type of all thyroid cancers, which accounts for ~80% of the thyroid cancers.
Metabolic changes associated with papillary thyroid carcinoma:
A nuclear magnetic resonance-based metabolomics study metabolomics is an emerging omics technology, and it can systematically identify and quantify metabolites in a biological sample. the technology development of nuclear magnetic resonance (nmr) spectroscopy and mass spectrometry (mS) allows the simultaneous analysis of various chemicals in the biological sample, and therefore nmr and mS are the favorable platforms for metabolomic analysis (2). metabolomics has been widely used in studies regarding diseases (3) , and it identifies metabolic signatures which are related to the pathogenesis of the diseases (3) (4) (5) . there are metabolomic studies on Ptc based on gas chromatography-mass spectrometry (Gc-mS) (6, 7) . compared with Gc-mS, nmr is generally accepted as the gold standard in metabolite structural elucidation, which is highly selective, non-destructive for chemical detection. additionally, the metabolite coverage is different between nmr and Gc-mS (8) . therefore, different metabolomic information can be provided by nmr and Gc-mS. there are limited published metabolomic studies regarding Ptc using nmr (9) (10) (11) , but these studies focused on the diagnosis of Ptc, and therefore the detailed metabolic changes especially metabolic pathway changes related to Ptc pathogenesis are still largely unknown. Given these facts, it is necessary to adopt nmr based metabolomics technology to study the detailed metabolic changes and disturbed metabolic pathways in Ptc.
We used 1 H nmr-based metabolomic technique to study the metabolic changes in Ptc. We established reliable statistical models which could well discriminate and predict the tumor and normal thyroid tissue. Based on these models and further bioinformatics analysis, we identified detailed metabolic changes and disturbed metabolic pathways in Ptc.
Patients and methods
Basic patient information and sample collection. a total of 16 patients (4 males, 12 females; age range, 19-59 years; tumor size, 1-4.2 cm) had undergone surgical thyroidectomy at the first affiliated Hospital of nanjing medical university. Previous metabolomic studies using cancer tissues have proved that similar sample number and characteristics of the population can provide useful information on metabolic changes of cancer (4, (9) (10) (11) . matched normal thyroid tissues and tumor tissues were obtained from the same PTC patients. The diagnosis was confirmed by histopathologic evaluation based on the established criteria of WHo (12) , which was conducted independently by two pathologists. the analyzed tumor tissues which contained over 90% cancer cells were obtained by using microdissection, and normal tissues were not connected by follicular adenomas (fas) or Ptc. the patients were not received radiation therapy or neo-adjuvant chemotherapy before operation. all tissues were immediately frozen in liquid nitrogen, and then stored at -80̊C until NMR analysis. the study was approved by the ethics committee of the First Affiliated Hospital of Nanjing Medical University, and each participant signed an informed consent.
H NMR spectroscopy based metabolomic analysis.
metabolomic analysis was conducted according to metabolomic procedure for nmr spectroscopy of tissues (13). the metabolomic analysis was performed with Bruker avance iii 600 nmr spectrometer. tissue samples were placed in a 4 mm rotor, and 5 µl aliquot of deuterium oxide was added into the rotor. the resonance frequency of 1 H was 400 mHz, and the experimental temperature was 298 K. a Carr-Purcell-Meiboom-Gill (CPMG) filter was included in the pulse sequence to reduce broad resonances related to background or macromolecules. after the fourier transformation, the spectra was manually phased and baseline corrected, and then referenced to lactic acid cH 3 resonance at δ1.33.
Multivariate pattern recognition. in order to discriminate the samples according to tissue types and identify potential biomarkers in relation to Ptc, principal component analysis (Pca), partial least squares-discriminant analysis (PlS-da), and the orthogonal partial least-squares discriminant analysis (oPlS-da) were applied using the normalized NMR data. We identified changed metabolites in Ptc by using oPlS-da statistical model. Simca-P + software (v11.0; umetrics aB, umea, Sweden) was used for data analysis. The correlation coefficient of |r| >0.482 and the variable importance in projection (ViP) value >1.00 were used as cut-off value of the statistical significance based on the discrimination significance at the level of P=0.05.
Biological significance interpretation and informatics analysis.
to identify detailed metabolic changes and disturbed metabolic pathways, the differentiated metabolites were first annotated with 'Kyoto encyclopedia of Genes and Genomes' (KeGG, http://www.genome.jp/kegg/ or http://www.kegg.jp/) which is a knowledge library for systematic analysis of metabolite functions and networks and 'Human metabolome database' (HmdB, http://www.hmdb.ca/) which is a comp lete and compre- hensive database on metabolomics with metabolite biological interpretation (14,15). further, we conducted informatics analysis by metaboanalyst 3.0 (http://www.metaboanalyst. ca/metaboanalyst/) which is built by r software (v3.2.2) (16) . metaboanalyst combines the results from powerful pathway enrichment analysis with the pathway topology analysis to discover the relevant pathways. two modules of metaboanalyst including pathway analysis and enrichment analysis were used. the module of pathway analysis was based on the KeGG database; the enrichment analysis was conducted based on Small molecule Pathway database (SmPdB, http://smpdb.ca/) (17).
Results
Metabolomic profiling. fig. 1 shows the workflow of this metabolomic study. The metabolomic profiles obtained from Ptc and normal thyroid tissue are shown in fig. 2 . the metabolic profiling covered branched chain amino acids (isoleucine, leucine and valine), other proteinogenic amino acids (alanine, phenylalanine, tyrosine, glycine, aspartate, glutamate and lysine), and product of amino acid (creatine) as well as amino acid derivatives (sarcosine and taurine). metabolites involved in the nucleotide metabolism (hypoxanthine, uracil, uridine and allantoin), glycolysis (lactate), tricarboxylic acid cycle (citrate and succinate), choline metabolism (choline, ethanolamine, glycerolphosphocholine and N,N-dimethylglycine) and lipid metabolism [very-low-density lipoprotein (Vldl), low-density lipoprotein (LDL) and lipids] were also profiled.PCA. PCA is the most commonly used algorithm in meta bolomics studies (18) . We adopted Pca in the study to process the nmr data based on a mean center-scaling model, which is an unsupervised projection method used to visualize the dataset and display the intrinsic similarity and difference in the dataset. as shown in fig. 3 (19) , the Ptc tissues were clearly discriminated from normal tissues using Pca model, indicating dramatic metabolic changes in Ptc. the Pca model descriptors (r 2 X, Q H nuclear magnetic resonance (nmr) spectra (δ0.6-4.6 and δ5.0-9.0) of thyroid obtained from papillary thyroid carcinoma (Ptc) (above) and normal thyroid tissue (below). the region of δ5.0-9.0 (in the dashed box) was magnified 10 times compared with corresponding region of δ0. 6-4.6 for the purpose of clarity. ace, acetate; ala, alanine; all, allantoin; asp, aspartate; cho, choline; cit, citrate; cr, creatine; ea, ethanolamine; for, formate; Glu, glutamate; Gly, glycine; GPc, glycerolphosphocholine; HX, hypoxanthine; ile, isoleucine; ino, inosine; l1: ldl, cH 3 -(cH 2 ) n -; l2: Vldl, cH 3 -(cH 2 ) n -; l3: Vldl, cH 3 -(cH 2 ) n -; l4: Vldl, -cH 2 -cH 2 -C=O; L5: lipid, -CH 2 -C=O; L6: lipid, -CH=CH-; Lac, lactate; Leu, leucine; Lys, lysine; m-I, myo-inositol; DMG, N,N-dimethylglycine; naG, N-acetyl glycoprotein signals; Phe, phenylalanine; Sar, sarcosine; Suc, succinate; tau, taurine; tyr, tyrosine; u, unknown; uc, uracil; ud, uridine; udG, uridine diphosphate glucose; Val, valine. validity of the PlS-da models, the robustness of the models was assessed using a 200-permutations validation model, which showed that the originally observed separation was not due to a random effect, as the predictive discrimination values of the random models were all lower than that of the original model. Table I and Fig. 5B . To find the robustly changed metabolites, we verified the changed metabolites in the mean center-scaling model, which identified 16 differential metabolites (table ii and fig. 5a ), among which 15 consistently changed metabolites were found (table iii) .
Metabolic pathway analysis and biological significance interpretation. the 15 metabolites related to Ptc with robust results were then annotated with KeGG and HmdB (table iii) . the results were submitted to metaboanalyst to show the statistical analysis results of informatics analysis. the result of pathway analysis is shown in table iV and fig. 6a , which found 8 pathways including glycerophospholipid metabolism, aminoacyl-trna biosynthesis, valine, leucine and isoleucine biosynthesis, propanoate metabolism, nitrogen metabolism, valine, leucine and isoleucine degradation, primary bile acid biosynthesis, and glycine, serine and threonine metabolism were significantly related to PTC. Furthermore, in order to expand the understanding of metabolic pathway related to Ptc, the module of enrichment analysis of metaboanalyst was used, which found 3 additional pathways including protein biosynthesis, phospholipid biosynthesis and methionine metabolism significantly related to PTC (Table V and Fig. 6B) . Finally, based on biological significance and the above informatics analysis, the metabolic network related to Ptc was built ( fig. 7) , which indicated the key metabolisms related to Ptc including branched chain amino acid metabolism Correlation coefficients derived from the unit variance scaling model, positive and negative signs indicate positive and negative correlation in the concentrations, respectively. The correlation coefficient of |r| >0.482 was used as the cut-off value for the statistical significance based on the discrimination significance at the level of P=0.05 and df=15. b the ViP value derived from the mean center-scaling model >1.00 was used as the cut-off value for the statistical significance based on the discrimination significance at the level of P=0.05. PTC, papillary thyroid carcinoma; oPlS-da, orthogonal partial least-squares discriminant analysis; na, not available; df, degrees of freedom. (leucine and valine), other amino acid metabolism (glycine and taurine), glycolysis (lactate), tricarboxylic acid cycle (citrate), choline metabolism (choline, ethanolamine and glycerolphosphocholine) and lipid metabolism (Vldl and ldl).
Discussion
Based on the rapid development of analytical techniques, metabolomics has been applied in many fields such as biochemical and clinical study (21) (22) (23) (24) . in the study of human diseases, metabolomics takes advantage of novel biomarker exploration and pathophysiological interpretation at the molecular level (21) (22) (23) (24) . However, until now, there are only nmr-based metabolomic studies focusing on the diagnosis of Ptc (9-11), and therefore the detailed metabolic changes potentially related to Ptc pathogenesis are still largely unknown. in this study, based on the results of Pca, PlS-da, oPlS-da models (figs. 3-5), we first identified key metabolites related to PTC (Table III) . Then, after KeGG and HmdB annotation and following pathway and enrichment analysis, we found significant metabolic pathways figure 7. the metabolic network in papillary thyroid carcinoma (Ptc). red shows an increase in Ptc; green, shows a decrease in Ptc; black, shows no available data; blue, shows relevant metabolic pathway in Ptc. tca, tricarboxylic acid. related to Ptc ( fig. 6 ), through which we found the metabolic network related to Ptc, indicating the metabolic changes potentially related to Ptc pathogenesis ( fig. 7) . robust changes of metabolite levels in Ptc included increased lactate, which participates in significantly changed KeGG pathway of propanoate metabolism directly related to glycolysis. The significant increase of lactate in other cancers such as colon cancer and prostate cancer has been reported in previous studies (25, 26) . this metabolic response in Ptc indicated an increase of the glycolytic flux due to hypoxia and ischemia in the tumor tissues or the consequence of the so-called 'Warburg effect', producing more waste products such as lactate (27) . Previous Gc-mS based metabolomics study did not monitor lactate but found the increased expression of the gene ldHa encoding lactate dehydrogenase which catalyzes the synthesis of lactate in Ptc (7), which was consistent with the present study. citrate which was a significantly decreased metabolite in PTC tissue participates in the tricarboxylic acid cycle which is directly related to glycolysis. Previous study also revealed that the decreased tricarboxylic acid cycle was accompanied by increased glycolytic flux in gastric cardia cancer due to decreased pyruvic acid efflux into the tricarboxylic acid cycle (28) . normal tricarboxylic acid cycle may have an inhibitory effect on cancer progression (28) . Collectively, these findings revealed increased glycolysis and inhibited tricarboxylic acid cycle in Ptc, which may be biologically related to Ptc pathogenesis.
notably, the robust changes of amino acids in Ptc include leucine and valine. leucine and valine were also included in significantly changed KEGG pathway such as amino acyl-tRNA biosynthesis, and valine, leucine and isoleucine biosynthesis and degradation as well as SmPdB pathway including protein biosynthesis. Branched-chain amino acids include isoleucine, leucine and valine. recent metabolomics studies have consistently revealed that branched-chain amino acids is positively related to obesity (29) and diabetes (23, 29) , which are both endocrine abnormalities and associated with the risk of Ptc (30) . in the unit variance scaling mode, isoleucine was also identified as the biomarker with increased level in Ptc. additionally, isoleucine and leucine have been identified as tumor promoters of bladder cancer (31). Glycine is involved in the body's production of dna, phospholipids and collagen, as well as in release of energy. it participates in significantly changed KEGG pathways such as glycine, serine and threonine metabolism. it is reported that glycine plays an important role in rapid cancer cell proliferation (32) . amino acid derivative, the increase of taurine was found in Ptc. Taurine was identified as a possible fingerprint biomarker in nonmuscle invasive bladder cancer (33) . It participates in significantly changed KeGG pathways of aminoacyl-trna biosynthesis, indicating the abnormal protein biosynthesis in Ptc. as suggested by tessem et al in colon cancer, the increase of taurine may reflect an imbalance in osmolyte function in cancer cells (25). therefore, the increased levels of branched chain amino acids, glycine and taurine in Ptc should attract attention as they may be the oncogenic biomarkers of Ptc 29).
Significant KEGG pathway including glycerophospholipid metabolism and SmPdB pathways including phospholipid biosynthesis as well as methionine metabolism both are related to choline metabolism covering choline, ethanolamine and glycerophosphocholine. Glycerophosphorylcholine is a choline derivative and one of the major forms of choline storage. indeed, the abnormal choline metabolism has been reported in breast cancer (34) . as indicated in SmPdB, choline metabolism is related to the body methylation status which is associated with thyroid carcinoma pathogenesis (35) . in this study, the metabolites in lipid metabolism including Vldl and ldl also changed in PTC. This finding is consistent with blood lipid profile alterations in another malignant disease, acute lymphoblastic leukemia (36) .
it is urgent to seek new biomarkers for thyroid carcinoma. Metabolomic profiles from tissue have the potential to be used in conjunction with current diagnostics to help guide the clinical management of patients with Ptc (9-11). our study not only established robust multivariate analysis models that could discriminate PTC, but also identified robust metabolic signatures of PTC based on different statistical models. the robustly changed metabolites identified in this study may be used as potential biomarkers for Ptc, among which consistent results were found on lactate and taurine in another metabolomics study regarding Ptc (10) .
in conclusion, in this study, we found that the metabolomic profiling could discriminate PTC in conjunction with multivariate analysis, and identified robust metabolic signatures of PTC. after informatics analysis, we found the Ptc is characterized with increased glycolysis and inhibited tricarboxylic acid cycle, increased oncogenic amino acids as well as abnormal choline and lipid metabolism, which needs further research to deeply study the underlying mechanism and the usage of the study findings in the intervention of PTC. The findings in this study provide new insights into metabolic changes of Ptc, and hold great potential in the treatment of Ptc. sample collection and sample preparation for metabolomic analysis. YX provided analytical tools, and contributed to study design and metabolic network establishment. BX was a major contributor in sample preparation, and participated in the instrumental analysis. YH performed metabolic pathway analysis, and prepared figures. tc participated in multivariate pattern recognition analysis and table preparation. mS collected the sample, and was a major contributor in study design. Wt made substantial contributions to conception and design, and was involved in acquisition of data and manuscript revision. All authors read and approved the final manuscript.
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